ABSTRACT This paper focuses on the analysis of cultivated collagen samples at the terahertz (THz) band using double debye model parameter extraction. Based on measured electrical and optical parameters, we propose a model to describe such parameters extracted with a global optimisation method, namely, particle swarm optimisation. Comparing the measured data with ones in the open literature, it is evident that using only cultivated collagen is not sufficient to represent the performance of the epidermis layer of the skin tissue at the THz band of interest. The results show that the differences between the measured data and published ones are as high as 14 and 6 for the real and imaginary values of the dielectric constant, respectively. Our proposed double debye model agrees well with the measured data.
I. INTRODUCTION
Body-centric wireless communication at the nano-scale, along with internet-of-nanothings, is receiving substantial interests for various disciplines [1] - [3] . Based on recent advancement in carbon nano-tube technologies and Graphene applications, the THz band presents a promising operation frequency of such nano-scale networks specifically for the EM paradigm in communication between nano-devices inside/outside the human body. As an essential first step in studying body-centric nano-networks, it is important to characterise human tissues at the THz frequency band considering that reported results in the open literature are very limited and application/environment-specific. Pulsed THz spectroscopy was first used to measure the absorptance of DNA, bovine serum albumin and collagen at the band of 0.06 to 2.0 THz [4] , showing that the absorption would increase with hydration and denaturing. Later, animal tissues, such as pork skin, pork fat and rat skin, were measured to study the power absorption and far-infrared signal transmission at the THz band [5] .
Due to variation in molecular structures within the cancerous tissue compared to a healthy one, their electrical and optical parameters are different within the THz band. Therefore, substantial numbers of studies are conducted to characterise such variations in terms of reflection and transmission of such tissue types in the open literature. Healthy and cancerous liver tissues were studied to indicate the possibility of the application of THz Fiber-scanning NearField Imaging technology to diagnose cancer [6] . Recently, spectroscopy measurements of normal and cancerous breast tissue in the range of 0.1 to 4 THz were conducted by Bowman et al. [7] , demonstrating the potential of THz spectroscopy for the recognition of the cancerous cell while the dielectric model of human breast tissue in the THz band was built by Truong et al. [8] . The average complex permittivity of healthy tumour, healthy fibrous breast tissue and healthy fat breast tissue from [9] were compared. Later, the same comparison between normal skin tissues and cancerous ones was conducted in [10] . Considering there are a few studies in the open literature with regards to human tissue characterisation of electrical and optical parameters [11] - [14] , further investigations are required with varying level of complexity in tissue structures since the devices are envisioned at the nanoscale [15] , [16] . It is also important to consider tissue state from hydration and tension prospective. In the proposed study, we investigate the applicability of cultivated collagen to be used as a replacement of real skin tissue samples. The cultivated collagen obtained from the Blizard Institute is characterised using the THz Time Domain Spectroscopy (THz-TDS) system housed in Queen Mary University of London [17] . Thereafter, the extracted electrical parameters of cultivated collagen are compared with those of the real skin to investigate similarity and reliability of using such artificial samples as a replacement to the real ones. Based on the measured parameters, the double-debye model is further proposed to describe the data along the whole band and the particle swarm optimisation method is applied to extract the corresponding parameters.
The rest of the paper is organised as follows. In Section II, the fundamentals of the experiment like sample preparation and system set-up are introduced. While in Section III, the measured data are processed to obtain the dielectric constant of the cultivated collagen, followed by the modelling of the results in Section IV. In the end, a brief conclusion is drawn.
II. FUNDAMENTALS OF THE EXPERIMENT A. SAMPLE PREPARATION
Rat-tail type I collagen, which is the most abundant of the collagen and exists in tendons, skin, ligaments and many interstitial connective tissues, is applied as a base reagent for gel preparation. The fibroblast cells are added to Fetal Bovine Serum (FBS), which could supply essential nutrients for the cell growth. In addition, the concentrated Modified Eagle Medium (MEM), which also contains a balance of nutrients to feed the fibroblasts is added to the mixture of the collagen and fibroblast. A small quantity of sodium hydroxide is later added wisely to the mixed solution to set the gel until the pH indicator in the MEM turns pink. The gel is then incubated (5% CO 2 ) for gelation at 37 o C for approximately 45 min. Once the initial gelation takes place, the diameter of the mixture is measured to observe any signs of contraction. Kept in an incubator for almost a week, the diameter of the gel should be measured constantly to make it contract to its maximum value. Subsequently, the gel, shown in Fig. 1 is kept in the refrigerator to keep fresh.
B. TERAHERTZ TIME DOMAIN SPECTROSCOPY SYSTEM SET-UP
A schematic illustration of the set-up of a Terahertz Time Domain Spectroscopy System (THz-TDS) in transmission mode used in this work is shown in Fig. 2 . The pulsed titanium-sapphire laser produces femtosecond pulses, which are then redirected into two separate optical paths by a beamsplitter. One beam becomes the receiver pulse (a measurement using the receiver is possible only when a femtosecond pulse is incident on the receiver), while the other is used to excite THz wave at the emitter. Parabolic mirrors are used to focus and collimate the THz pulses travelling through the sample and onto the detector. The detector only conducts when it is struck by the femtosecond pulse from the detection beam line. When the detector is photo-excited, the THz pulse electric field causes an electric current to flow inside the detector. The time delay on the detector beam line is used to control the relative time delay between the THz pulses. When the detector can conduct, the electric field of the THz pulses can be plotted over time. [17] , [19] .
The photo of the THz-TDS installed at QMUL is shown in Fig. 3 . The system shown here is operating in transmission mode. The main features and characteristics of this spectrometer are [19] :
• Typical operating frequency domain: 0.1 − 4.0 THz;
• Maximum dynamic range is 25−30 dB, SNR is normally around 25 dB;
• Motorized delay stage maximum travelling distance is 15 cm;
• Typical resolution is 14 GHz (scan size 10.24 mm, step 10 µm); maximum achievable resolution is 1 − 2 GHz; After the collagen sample is cultivated in Blizard Institute, it is kept in an iced box and taken to the THz lab in QMUL. The samples would be measured with the THz-TDS system within a day. During the experiment, the system without the holder is measured first to get the time-domain pulse response of the air and then the response of system with empty holder, made of poly-4-methyl pentene-1 (TPX) with low absorption (≤ 1cm −1 ) and almost constant refractive index (1.46) over the band of interest. Finally, the holder with the sample is measured. For each step, the measurement is repeated 3 times to get the mean value; also, for each sample with different thickness, three measurements are conducted and the mean value of the final results is adopted. Dry air or nitrogen is pumped into the system to eliminate the effects of the vapour. 
III. DATE PROCESSING AND MEASURED RESULTS

A. DATA-PROCESSING
The original measurement data from the THz-TDS system are the received electric field E. The complex spectra of air measured by TDS system is shown in Fig. 4 .
Conventionally, the rate of the sample spectra to the reference one, which is served by the absence of the sample, usually the air, is used to calculate the complex refractive indexñ = n − iκ. Thus, the measured transfer function is:
where,Ẽ sam ( f ) andẼ ref ( f ) are the complex spectra of the sample and reference, obtained from the Fourier Transform of the corresponding time-domain response.
Since the THz wave arriving at the sample is regarded as the TE wave, thus the propagation of the wave through the sample can be described by [19] :
where, f is the frequency;ñ is the complex refractive index; d is the sample thickness; c is the speed of light in free space. Therefore, the analytical transfer function can be obtained [19] :
where, f is the frequency;ñ is the complex refractive index; n air is the refractive index of air because air is usually taken as the reference; d is the sample thickness; c is the free-space light speed;t 12 (f ) andt 21 (f ) are the Fresnel transmission coefficients associated with the front and back boundary interfaces between sample and holder medium. Then, the non-linear regression algorithm is applied to obtain the complex refractive index. 
B. MEASURED RESULTS AND DISCUSSIONS
Fig . 5 shows the measured time response of air, empty holder and the holder with the sample, from which we can see that the inclusion of holder causes considerable delay and slight attenuation of the pulse compared to the air while the sample introduced slight delay and considerable attenuation compared to the empty holder. By doing the Fourier Transform and non-linear regression algorithm, the refractive index and extinction coefficient can be obtained, as shown in Fig. 6 . We can see that with the rise of the frequency, the refractive index and extinction coefficient both decrease. Before 0.5 THz, both parameters descend steeply while after 0.5 THz both parameters drop slightly. Using the following relationship between the EM parameters to the optical parameters, Eq. 4, the permittivity of the collagen can be obtained, as shown in Fig. 7 . Similar to the optical parameters, the permittivity decreases with the increase of the frequency and there is also a frequency point, 0.5 THz approximately, where the trend of both curves change.
where, and are the real and imaginary part of the permittivity .
The comparison between the measured results with the data shown in [20] , [21] , and [22] is shown in Fig. 8 . From the figure, it can be easily seen that although the trend of the three curves is similar, the permittivity of the measured collagen is less than the others' data, demonstrating that the collagen is not enough to represent the epidermis at the band of interest. The difference between the measured data and the available literature at the lower band is quite enormous, where the highest one could go up to 14 and 6 for the real part and imaginary part of the dielectric constant. Also, it is worth noticing that the trend of data in [21] is different from others in the lower frequency band, which is mainly due to the fact that the used samples are dehydrated.
IV. MODELLING OF THE MEASURED RESULTS
A. DIELECTRIC MODEL OF COLLAGEN AT THz BAND
As stated before, the human tissue is always considered as a dispersive material; thus, relative permittivity and conductivity should be both included in the model. And from the previous section, it can be easily seen that the frequency rise will cause a drop of the permittivity. Therefore, Debye model, as shown in Eq. 5 would be appropriate to express the dependence of dielectric properties on the frequency. Complex permittivity of human tissue in the very low frequency range is well-described by the single-debye relaxation model, while its responses in higher frequencies above 0.1 THz require extra Debye relaxation process [23] because of the higher water content of various human tissues [14] . where n is the difference between static permittivity and permittivity at higher frequencies s − ∞ , indicating the permittivity dispersion of the nth-Debye relaxation process; ω is the angular frequency and ∞ , τ n are the permittivity at infinite frequency and relaxation time.
The double-Debye model, shown in Eq. 6 was first applied to describe the dielectric function of water, and then has been widely used for highly hydrated mixtures [24] , [25] . In [26] , it has already been used as the function to describe the interaction of THz radiation with human skin tissue.
where ∞ is the permittivity at infinite frequency, larger than the vacuum permittivity 0 . 1 represents the dispersion in amplitude of the slow relaxation processes, where the bulk bonding between hydrogen molecules is released to equilibrium state under the impact of external electric field. 2 describes the fast relaxation process, where hydrogenbond formation and decomposition occur. τ 1 is the relaxation time of the slow process and τ 2 is the relaxation time of the fast process [25] . ω is the angular frequency.
B. FITTING ALGORITHM
To obtain the parameters of Double-Debye Model, the Euclidean distance [27] between the raw data input and the VOLUME 5, 2017 Eq. 6 output was employed, shown in Eq. 7:
where ω i and ω i are the real and imaginary part of measured dielectric properties.ˆ ω i andˆ ω i represent the output of the Debye equation for real and imaginary part of the dielectric properties, respectively, and N is the number of points picked across the frequency range of 0.1 THz to 1.5 THz (almost 212 for this study). The optimisation problem can be summarised as below:
To solve this problem, particle swarm optimisation (PSO) [28] was applied, which would return all Double Debye variables for the five set of parameters if the Euclidean distance is smaller than the defined threshold of 0.0012.
The number of particles chosen in the PSO algorithm here is 500. The algorithm would end after 1000 iterations if the threshold is not reached before this point. The final parameters of the Double Debye Model are shown in Table 1 and Fig. 9 demonstrates the comparison between the complex permittivity calculated from the double debye model and the measured data for collagen, showing that the proposed dielectric model mimics very well the dielectric properties of collagen not only at the high range of frequency (beyond 1 THz) but also at the lower band.
V. CONCLUSION
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